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Rui Wang, MD,*† Yunjian Pan, MD,*† Haichuan Hu, MD,*† Yang Zhang, MD,*† William Pao, MD,§
Lei Shen, MD,† Hongbin Ji, PhD,‡ and Haiquan Chen, MD*†
Introduction: A fraction of lung adenocarcinomas harbor activating
mutations in the HER2 kinase domain. HER2-targeted therapies
have shown minimal benefit in molecularly unselected patients. We
investigated clinical and potential molecular factors associated with
HER2-mutant lung adenocarcinoma.
Methods: A total of 224 lung adenocarcinoma samples were examined
for activating mutations in epidermal growth factor receptor (EGFR;
exons 18–22), V-Ki-ras2 Kirsten rat sarcoma (KRAS; exons 2 and 3),
andHER2 (exons 18–21) by direct sequencing. Gene copy number and
protein expression of both EGFR and HER2 were further explored in
samples harboring HER2 mutations using fluorescence in situ
hybridization and immunohistochemistry, respectively.
Results: The mutation rates of EGFR, KRAS, HER2 were 63.39%
(142/224), 4.46% (10/224), and 3.57% (8/224), respectively. All
mutations were mutually exclusive. All eight HER2 mutations oc-
curred in never smokers and seven were in women. TheHER2mutation
rate in samples without EGFR and KRASmutations was 11.11% (8/72).
Seven of eight HER2-mutated tumors showed HER2 copy number
gains (CNGs) and five showed EGFR CNGs. All of the HER2-mutated
samples showed either HER2 or EGFR CNGs. Gene amplification of
HER2 and EGFR was mutually exclusive in HER2-mutated samples.
Conclusion: HER2 mutations in lung adenocarcinoma predomi-
nantly occurred in women and never smokers. Most HER2-mutated
tumors showed HER2 CNGs. As all of the samples with HER2
mutation showed either HER2 or EGFR CNGs, these patients could
potentially benefit from novel EGFR/HER2 dual or pan-erythroblas-
tic leukemia viral oncogene homolog tyrosine kinase inhibitors.
Key Words: HER2, Lung adenocarcinoma, Mutation, Copy num-
ber, EGFR, KRAS.
(J Thorac Oncol. 2012;7: 85–89)
Lung cancer is the leading cause of cancer-related deathworldwide.1,2 Lung cancer is divided into four subtypes
according to histologic features: adenocarcinoma, squamous
carcinoma, large-cell carcinoma, and small-cell carcinoma.
The first three subtypes are grouped together as non-small
cell lung cancer (NSCLC), which accounts for approximately
80 to 85% of all lung cancers, and adenocarcinoma is the
most common subtype of NSCLC.1,3 Despite advances in
screening and multimodality therapies, the 5-year survival
rate (10–15%) remains low.1,4
HER2 (also known as epidermal growth factor recep-
tor-2 [EGFR2], ERBB2, or NEU) is a member of the ERBB
family of receptor tyrosine kinases, which also includes
EGFR (HER1/ERBB1), HER3 (ERBB3), and HER4 (ERBB4).
EGFR and HER2 are found to be deregulated and drive many
human cancers. Deregulation of HER2, involving kinase
domain mutation, copy number gain (CNG), and protein
overexpression, is reported in 1.6 to 4%, 2 to 22.8%, and 11
to 32% of NSCLCs.5–10 In our previous study, 90% of lung
adenocarcinoma from never smokers harbored an oncogenic
driver mutation, in which HER2 mutation was present in
3.8% of patients.11
Agents targeting EGFR and HER2 are widely used to
treat epithelial cancers of lung, breast, colon, and head and
neck cancers.12,13 The experience from EGFR tyrosine kinase
inhibitors (TKIs) in NSCLC has demonstrated that clinical
benefit from targeted therapy is easily diluted by subgroups
with specific molecular features. Clinical trials targeting
HER2 in NSCLC have mainly focused on protein expression
and CNG. Using this approach, disappointing results were
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seen in the trials using trastuzumab and lapatinib.10,14 Studies
for specific patients with HER2-activating mutations are on-
going. We hypothesized that HER2 mutations could be asso-
ciated with other molecular alterations involving HER2 or
EGFR. In this study, we sought to identify the HER2 muta-
tion rate and associated clinical characteristics in Chinese
patients. We further explored both HER2 and EGFR copy
number variation and protein expression levels in HER2-
mutated samples.
MATERIALS AND METHODS
Chinese Lung Adenocarcinoma Specimen
Collection
From September 2007 to October 2009, a total of 224
lung adenocarcinomas were consecutively collected at Fudan
University Shanghai Cancer Center, Shanghai, China. All
participants gave informed consent. Samples were snap-
frozen and stored in liquid nitrogen at the time of resection
until use. Every sample was determined as a primary lung
adenocarcinoma by pathologists. No patients received neo-
adjuvant treatment. This study was approved by the Ethics of
Human Research Committee of Fudan University Shanghai
Cancer Center.
Polymerase Chain Reaction Amplification and
Polymerase Chain Reaction Product Direct
Sequencing
EGFR, HER2, and V-Ki-ras2 Kirsten rat sarcoma
(KRAS) status were assessed as published.11Exons 18 to 21
of HER2 were analyzed by polymerase chain reaction
(PCR) amplification and direct sequencing of PCR products.
The forward PCR primer was 5-CCCTCTGACGTCCAT-
CATCT-3, the reverse primer was 5-GCAGGGTCTGGA-
CAGAAGAA-3, and the sequencing primer was 5-
GGTCTTTGGGATCCTCATCA-3. PCR amplification was
done with Thermococcus kodakaraensis plus polymerase
(Toyobo, Japan), with initial denaturation at 94°C for 4 minutes,
35 cycles each consisting of denaturation at 94°C for 30 seconds,
annealing at 61°C for 30 seconds, and strand elongation at 68°C
for 1 minute performed to amplify DNA fragments followed by
a final elongation at 68°C for 10 minutes. All samples found to
have a genetic alteration in the target were subsequently verified
by genomic DNA sequencing.
Fluorescence In Situ Hybridization
HER2 and EGFR gene copy numbers per cell were
detected in formalin-fixed paraffin-embedded specimens by
fluorescence in situ hybridization (FISH). HER2 FISH was
performed using the LSI HER2 spectrum orange/CEP17
spectrum green probe (Beijing GP Medical Technologies,
Inc., Beijing, People’s Republic of China). EGFR FISH was
done using the LSI EGFR Spectrum orange/CEP7 Spectrum
green probe (Vysis; Abbott Laboratories, Abbott Park, IL).
FISH was performed on the same tissue specimens subjected
to sequencing. At least 50 cells were analyzed for each case
by two pathologists. HER2 and EGFR gene copy numbers
were classified according to the published criteria as disomy,
low polysomy (4 copies of EGFR in 40% of cells), high
polysomy (4 copies of EGFR in 40% of cells), or gene
amplification (homogenously staining regions with 15
copies in 10% of cells [or a gene/chromosome ratio per
cell of 2]).7,15
Immunohistochemistry Staining
Paraffin-embedded tissue sections were analyzed for
EGFR and HER2 protein expression by immunohistochem-
istry (IHC) using anti-EGFR and -HER2 antibodies (Bio-
world Technology, Inc., St. Louis Park, MN). HER2 IHC
results were interpreted as follows: 0, no staining; 1, weak,
membranous staining; 2, moderate membranous staining of
at least 10% of invasive tumor cells; and 3, strong mem-
branous staining of at least 10% of invasive tumor cells.
Cases interpreted as 0 or 1 were considered negative, and
cases interpreted as 2 or 3 were considered positive.
Samples with more than 10% tumor cells showing membra-
nous staining of any intensity were classified as EGFR
positive as reported before.16
Statistical Analysis
The association between EGFR status and clinical and
biological characteristics was analyzed by 2 or Fisher’s
exact test tests. Age differences were compared using the t
test for independent samples. All data were analyzed using
the Statistical Package for the Social Sciences Version 16.0
Software (SPSS Inc., Chicago, IL). The two-sided signifi-
cance level was set at p less than 0.05.
RESULTS
Spectrum of EGFR, KRAS, and HER2 Mutations
in Lung Adenocarcinoma from a Chinese
Population
The mutation rates of EGFR, KRAS, and HER2 were
63.39% (142/224), 4.46% (10/224), and 3.57% (8/224), re-
spectively (Figure 1). Mutations in these three genes were
mutually exclusive. Only 28.57% (64/224) of samples lacked
a detectable mutation in these three genes. In the eight
FIGURE 1. Pie chart of EGFR, KRAS, and HER2 mutation
spectrum from 224 lung adenocarcinomas. The mutation
rates of EGFR, KRAS, and HER2 were 63.39, 4.46, and 3.57%,
respectively. A total of 28.57% of samples lacked a detect-
able mutation in these three genes.
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samples harboring HER2 kinase domain mutations, all were
exon 20 776 to 779 YVMA insertions.
Clinical Characteristics of Patients with HER2
Mutations
Clinical information on the 224 patients with lung
adenocarcinoma is listed in Table 1. There were 114 men and
110 women. The HER2 mutation rate in samples without
EGFR and KRAS mutation was 11.11% (8/72). All eight
tumors with HER2 mutations were from never smokers (p 
0.028). HER2 mutations were predominantly seen in women
(7/8) (Table 2). Detailed information on the eight patients
with HER2 mutation is listed in Table 3. Six of eight had
stage III disease, all involving mediastinal lymph nodes,
suggesting that HER2 mutation may be an unfavorable prog-
nostic factor; however, the number of patients studied was
too small to make a definitive association.
HER2 and EGFR Copy Number Variations and
Protein Expression in HER2-Mutated Samples
Five of eight samples were EGFR FISH positive, in-
cluding one with EGFR gene amplification and four with
chromosome 7 high polysomy (Figure 2A, B). Seven of eight
samples were HER2 FISH positive, including four with gene
amplification and three with chromosome 17 high polysomy
(Figure 2C, D). All of the HER2-mutated samples showed
either HER2 or EGFR CNGs (Table 3). Three of the samples
showed both chromosome 17 and 7 high polysomy, and five
samples showed either HER2 or EGFR amplification. Gene
amplification of HER2 and EGFR was mutually exclusive.
HER2 and EGFR protein overexpression was seen in two and
four samples, respectively (Table 3).
DISCUSSION
During the past decade, increasing evidence has shown
that lung adenocarcinoma is composed of distinct molecular
subsets,11,17–19 including those defined by mutated oncogenes
such as EGFR,20 KRAS,21 HER2,9 EML4-ALK,22 and ROS1.23
Except for KRAS, all subsets can be treated with targeted
agents in clinical use or under trial. HER2 mutations have
been reported to exist in up to 4% of NSCLCs. Considering
the large amount of patients with this alteration (equivalent to
TABLE 1. Clinical Features of the 224 Patients with Lung
Adenocarcinoma
Lung Adenocarcinoma Total
Patients, N 224
Median age, yr  SD 58.09  9.9
Gender, n (%)
Male 114 (50.89)
Female 110 (49.11)
Smoking history, n (%)
Never smoker 139 (62.05)
Ever smoker 85 (37.95)
Differentiation, n (%)
Well 37 (16.52)
Moderate 118 (52.68)
Poor 69 (30.80)
Stage, n (%)
I 100 (44.64)
II 21 (9.38)
III 94 (41.96)
IV 9 (4.02)
SD, standard deviation.
TABLE 2. Correlation between HER2 Mutation and Age,
Gender, and Smoking Habit
HER2 Mutational Status
pMutation Wild Type
No. of patients 8 216
Median age, yr  SD 53  6.27 57.77  9.84 0.176
Gender
Male 1 107 0.67
Female 7 109
Smoking habit
Never smoker 8 134 0.028
Ever smoker 0 82
SD, standard deviation.
TABLE 3. Clinical and Molecular Characteristics of the Eight Samples with HER2 Mutation
No.
HER2
IHC
HER2
FISH
EGFR
IHC
EGFR
FISH Gender Age (yr) Smoke Subtype Differentiation Stages Stages
6  HP/  HP/ Female 59 No Mucinous M T2N2M0 IIIa
43  HP/  HP/ Female 48 No L T2aN2M0 IIIa
216  HP/  HP/ Female 49 No H-M T2aN2M0 IIIa
231  Amp/  LP/ Male 64 No M-L T4N2M0 IIIb
280  Amp/  LP/ Female 52 No M-L T1bN2M0 IIIa
469  Dis/  Amp/ Female 45 No Mucinous M T2aN0M0 Ib
575  Amp/  HP/ Female 52 No M-L T2bN2M0 IIIa
583  Amp/  LP/ Female 57 No M T2aN0M0 Ib
HP, high polysomy; LP, low polysomy; Dis, disomy; Amp, amplification; M, moderate; L, low; H, high; IHC, immunohistochemistry; FISH, fluorescence in situ hybridization;
EGFR, epidermal growth factor receptor.
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those with ALK fusions), a thorough understanding of the
disease entity is needed.
HER2mutations in NSCLC occur in the first four exons
of the tyrosine kinase domain (exons 18–21).5 All of the eight
HER2 mutations in this study were found in exon 20, involv-
ing a 12-bp duplication/insertion coding of the amino acid
YVMA. In previous studies,5,24 the YVMA insertion has also
been found to be the most common alteration. Similar to
EGFR mutations, HER2 mutations are more common in
Asians, adenocarcinomas, women, and never smokers.5,11,24
All of the eight patients with HER2 mutation in this study
were never smokers, and seven of eight patients were women.
Furthermore, consistent with previous studies, EGFR, KRAS,
and HER2 mutations were all mutually exclusive in this
analysis.
Enlightened by the great success of EGFR TKIs in
EGFR-mutated NSCLCs, novel agents targeting ALK and
HER2 are under study in clinical trials.9,25 There are a number
of agents targeting HER2. Trastuzumab, a humanized mono-
clonal antibody against the HER2 extracellular domain, failed
to show a benefit in patients defined by IHC, but yielded
dramatic shrinkage of tumors harboring HER2 mutation.26,27
Reversible and irreversible TKIs targeting EGFR/HER2 in-
clude lapatinib, BIBW 2992, and neratinib. Another irrevers-
ible inhibitor, PF00299804, inhibits all ERBB family mem-
bers with kinase activity.14,28–30 Cells harboring HER2
mutations are sensitive to TKIs targeting both EGFR and
HER2 (HKI-272, Wyeth, Madison, NJ), but not to those that
only target EGFR.31 These studies indicate that small-mole-
cule agents targeting both EGFR and HER2 could be used for
both EGFR-TKI-resistant and HER2-mutated tumors. Studies
with these agents in NSCLC are ongoing.
CNGs defined by FISH may be another important
predictive factor for targeted therapy. Cappuzzo et al.7 re-
ported that increased copy number of HER2 is associated
with response to gefitinib in patients with NSCLC. In the
eight samples with HER2 mutation in this study, seven
showed HER2 CNG and five showed EGFR CNG. The only
sample without CNG of HER2 showed EGFR amplification.
Although the sample size was small and this study was
retrospective, our findings may help shed light on interpreta-
tion of results from trials targeting HER2-mutant tumors.
CONCLUSION
We have studied the HER2 mutation status in a cohort
of patients with lung adenocarcinoma from a Chinese popu-
lation. In the eight samples with HER2 mutations, we have
also characterized EGFR and HER2 protein status by IHC
and gene status by FISH. HER2 mutations could define a
subgroup of patients with lung adenocarcinoma who share
clinical features with EGFR-mutated cases but that would
benefit from EGFR/HER2 dual or pan-ERBB TKIs.
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